We have analyzed the contamination of the three major watersheds in Middle Tennessee (Middle Cumberland River Watershed, Stones River Watershed, and Harpeth River Watershed) by trihalomethanes, such as chloroform, bromodichloromethane, dibromochloromethane, and bromoform. These chemicals play an important role in the development of cancer and adverse reproductive outcomes, and were found to be present above the threshold established by the Environmental Protection Agency. Certain portions of each watershed were found to be contaminated by the trihalomethanes, and deemed unhealthy. The household incomes in the major areas in the three watershed regions were also examined to determine a possible relationship with the level of water contamination. We concluded that income did not necessarily relate to water quality. Specific areas within each watershed that had lower average household incomes were found to have a higher concentration of the trihalomethanes in their drinking water, while other high-income areas were also affected by unhealthy water. However, these effects were random, and the level of contamination remained below the guidelines regulated by the State of Tennessee.
INTRODUCTION
Clean water is essential for human health. According to the World Health Organization (WHO), safe water, sanitation and hygiene at home are some of the most basic requirements for human health, and all countries have a responsibility to ensure that everyone can access them [1] . Water is the primary source of nourishment and humans need to be adequately hydrated for their physiological systems to function properly. Additionally, water helps sustain organ health and allows the blood to maintain the consistency required for the transport of oxygen and nutrients cells within the body. Clean water is also important for the prevention of diseases. Fatal conditions may occur due to the consumption of contaminated water [2] . Clean, fresh and safe water also helps in getting the body rid of various types of toxins [3] . The US Envi-Open Access Natural Science ronmental Protection Agency (EPA) sets standards that ensure safe drinking water from public water sources [4] . The Tennessee Department of Environment and Conservation's Division of Water Resources oversees drinking water safety [5] . It trains and inspects the operators that clean drinking water for water utilities. Water utilities are required to inspect water for infectious pathogens, chemical contaminants and disinfectant products on a regular basis.
Water Contamination in Tennessee
In collaboration with the EPA, the Environmental Working Group (EWG), an activist organization, has looked closely at the quality of water in several states, in order to provide insight into the purity of drinking water [7] . In Tennessee (Figure 1) , the EWG tracked ten contaminants in the water supplies in the water utilities across 30 towns, which can cause serious health problems [8] [9] [10] . Among the most dangerous contaminants are the trihalomethanes, which are a batch of four volatile organic compounds: chloroform (CHCl 3 ), bromodichloromethane (CHBrCl 2 ), dibromochloromethane (CHBr 2 Cl), and bromoform (CHBr 3 ). When grouped together, these chemicals are called total trihalomethanes (TTHM). They are formed when chlorine or other chemicals used to disinfect water react with trace amounts of naturally occurring organic and inorganic matter in water. The EWG found that the tap water in most areas in Tennessee has an excess of trihalomethanes, which may increase the risk of cancer over the years. [6] . Natural Science The trihalomethanes have been detected above federal health limits, which are set separately from state limits. The legal limit for the trihalomethanes in drinking water is 80 parts per billion (ppb). The average level in Tennessee is 26.2 ppb while the federal average is 23.4 ppb, both of which are below the legal limit [11] . However, EWG has put its guideline number at 0.8 ppb, and believes that the state and federal limits are too lenient [12] . Also, there are several chemicals for which no federal limit has been set. Some contaminants are below the legal limits but nearly double the federal and state averages.
Harm Caused by Trihalomethanes-Short-Term, Long-Term, and Carcinogenic Effects
Studies have suggested a small increase in the risk of bladder and colorectal cancers as a result of exposures to trihalomethanes [13, 14] . Other investigations have found that chlorination by-products may be linked to heart, lung, kidney, liver, and central nervous system damage [15] . Additional studies have linked trihalomethanes to reproductive problems, including miscarriage, thus posing a greater risk for pregnant women [16] .
The human body may absorb chloroform through the skin, by ingestion, and inhalation. Consumption of chlorinated drinking water is the biggest source of human exposure to trihalomethanes in the United States. Other water uses in homes may contribute significantly to total chloroform (or other trihalomethane) exposure both from breathing in chloroform vaporized into the air and from its passage through the skin while bathing. Swimming in chlorinated pools will also contribute to the total exposure of trihalomethanes. According to a study, a greater percentage of chloroform is passed through the skin when temperatures of bath water are increased [17] . Chloroform's acute (short-term) effects on humans have been studied during its past use as an inhalation anesthetic. Chloroform anesthesia has been associated with cardiac arrhythmias and abnormalities of the liver and kidneys, in addition to affecting the central nervous system. Skin contact with undiluted chloroform may cause a burning sensation, redness, and blistering. Acute effects of exposure to the other trihalomethanes are not documented in the literature, but are expected to be similar to chloroform [18] . Chronic (long-term) oral exposure of humans to chloroform at high doses results in adverse effects on the central nervous system, liver, kidneys and heart. Bromodichloromethane can be toxic to the kidney as well.
For populations using chlorinated drinking water in which chloroform is the predominant trihalomethane, small increases in the incidence of rectal, colon and bladder cancer have been observed, with the strongest evidence for bladder cancer. Chloroform has been classified by the EPA as a Group B2 or probable human carcinogen [19] . Chloroform has the potential to cause birth defects, miscarriages, and delays in development of the human foetus. Based on the results of animal studies in which bromodichloromethane exposure increased tumors of the large intestine, kidney, and liver, and bromoform increased tumors of the large intestine, they are also classified in Group B2 [20] . The results of a study suggest an increased risk of early-term miscarriage from high levels of trihalomethanes, particularly bromodichloromethane, in tap water. Dibromochloromethane is classified in Group C as a possible human carcinogen, based on limited evidence of an increase in liver tumors in animals [21] .
In this study we investigated the levels of the total trihalomethanes in drinking water obtained from three major watershed areas in Middle Tennessee: Middle Cumberland River Watershed [22] , Stones River Watershed [23], and Harpeth River Watershed [24] , to determine the extent of contamination. The watershed areas of study are shown in Figure 2 . A watershed is the land area that drains into a given body of water. Small watersheds combine to become big watersheds, sometimes called basins [25] . The watershed channels any excess water, such as rainfall or snow, to creeks and rivers, and eventually to reservoirs or other outflow points. The Cumberland River is 688 miles long and the basin drains 18,000 square miles of land that is home to almost 2 million people. The Stones River Watershed is 921 square miles and includes sixty-nine rare plant and animal species as well as eight rare fish species. The Harpeth River Watershed includes 870 square miles across eight counties in Tennessee [26] . The state's water protection program focuses on watersheds because it is considered to be the best method of evaluating, protecting, and improving the quality of all the waters in the state, and develop more comprehensive control strategies. We Natural Science determined what parts of each watershed are health and unhealthy. We then compared the data to the population and household income of residents of three major cities in each watershed area, to assess whether the regions with higher household incomes have access to healthy drinking water, versus the lower income households.
Economic Activities in the Cumberland, Stones, and Harpeth River Areas
The Cumberland River, an artery of the Ohio River that weaves in and out of the Nashville Metropolitan area, links the city to points on the Mississippi River and the Gulf of Mexico coast. More than 30 commercial operators operate barges on the river. The area around the Cumberland River is economically diverse, and has benefited from low unemployment, consistent job growth, heavy outside investment and expansion, and a broadening of the labor force. The primary city Nashville, which is the capital of Tennessee, is a leader in finance and insurance, health care, music and entertainment, publishing, transportation technology, higher education, biotechnology, plastics, and tourism and conventions. Nashville's central location has made it one of the busiest transportation centers in the Mid-South, and it has historically been considered the hub of railway activity for the Southeast. Its Partnership 2010 program was responsible for a flurry of business activity in the early part of the century, including company relocations, expansions, and new corporations. Asurion relocated its corporate headquarters to Nashville in 2003, creating 800 jobs by late 2004. During that year, 90 companies announced expansions or relocations to the Cumberland region, and the area has economically grown even more since then. Dell's first major US expansion outside of Central Texas was in Nashville [28] .
The Stones River area has a wide array of residential and commercial development options. Public and private sectors work together to stimulate and encourage new business development and growth in that region [29] . The area around the Harpeth River area has a thriving economy with a high median household income ($85,671) and successful family businesses, farms, along with a multifaceted tourism industry [30] . A science-based conservation organization known as the Harpeth Conservancy monitors and protects the clean water and healthy ecosystems for the Harpeth River, which contains a variety of aquatic life [31] . Figure 2 . Area of study showing the Cumberland River, Stones River, and Harpeth River Watersheds [27] . The major cities in each watershed (Nashville, Murfreesboro, and Franklin) are also shown. Natural Science
METHODOLOGY

Data Collection
Secondary data related to the concentrations of trihalomethanes was obtained from the annual water safety report for the Middle Cumberland River [32] [33] [34] [35] , Stones River [36] [37] [38] [39] , and Harpeth River Watershed [40-43] areas in Middle Tennessee. Additional information was collected from each area's water service office that was not provided in the annual water safety report. Using the interactive application iCreek [44] , we were able distinguish between the portions of the watersheds that were considered healthy versus those that were unhealthy. Data including average annual household income was obtained from the United States Census Bureau [45] , whose data was compiled in 2010. The water quality data was then prepared for descriptive statistical analysis.
Statistical Analysis
Histograms were used to illustrate the population, household income, per capita income, and persons in poverty for three major areas in each watershed area in Middle Tennessee. A comparison of the heathy and unhealthy watershed regions to the histograms enabled us to determine if a correlation existed between the water quality in areas with higher average income versus those with lower income. Figure 3 shows the 3D structures of the four trihalomethanes [46] [47] [48] [49] . The complete concentrations of the total trihalomethanes (TTHM) over the past four years (2015-2018) are listed in Table 1 . While all concentrations are found to be below the state-regulated legal limit of 80 ppb [7] , the presence of these compounds is alarming, due to their carcinogenic effects. For the Middle Cumberland River Watershed, there is a general decrease in the level of TTHM from 2015, with a slight increase from 2016 to 2017. The TTHM level increased significantly in the Stones River Watershed during 2016 and 2017, almost approaching the legal limit of 80 ppb, which the decreased markedly in 2018. For the Harpeth River Watershed, the TTHM levels have increased over the four-year period, with a very slight dip in 2017. A comparison of the TTHM among the three watersheds for 2018 only reveals the Harpeth River Watershed to be the most contaminated. Figure 4 shows the border of the Middle Cumberland River Watershed [44] . Blue represents healthy waterways, and red represents unhealthy waterways, vastly contaminated by trihalomethanes. For the most part, the water in most areas South Nashville is deemed healthy. According to Figure 4 , the majority of the healthy waterways are in northwest Nashville, and the unhealthy parts seem to be south of Nashville, ranging from the heart of Nashville out to Nolensville. Goodlettsville also has unhealthy water. In the Cheatham County area, Pleasant View and Ashland city have healthy waterways, though a portion of Ashland city is affected by contaminated water. Figure 5 shows the Stones River Watershed [44] . Murfreesboro has small creeks throughout that are contaminated; however, moving eastward, unhealthy waterways are less prevalent. Smyrna is affected by unhealthy waterways, and a small portion of Woodbury (part of Cannon County) has contaminated water. From Figure 6 , which shows the Harpeth River Watershed [44] , it can be seen that the majority of unhealthy waterways are in the Franklin area, up to Thompson's Station. The waterways going through Dickson are unhealthy and, on the southeast end, Eagleville is infected as well. As shown in the figure, the water in Fairview and surrounding areas is healthy.
RESULTS AND DISCUSSION
Contamination Levels of Total Trihalomethanes
The statistics for each region from the US Census Bureau data, plotted in Figures 7-9 , enables us to determine whether income has any correlation with the quality of water residents are receiving. From Figure 7 , it can be seen that the household incomes for Ashland City (which accounts for most of the healthy waterways in Northwest Nashville), along with Goodlettsville and the Nashville areas, are quite similar. Ashland City, with the higher household income, has healthy waterways around it, while the Natural Science
Goodlettsville area, which also has a higher household income, is affected by unhealthy waterways. It can, thus, be inferred that income does not seem to correlate with water quality in the Middle Cumberland River Watershed. The same can be concluded about the Stones River Watershed, by comparing Figures  5-8 . Smyrna and Murfreesboro have higher household incomes but are affected by unhealthy waterway. The households in Woodbury have lower incomes but mostly healthy waterways. The Harpeth River Watershed is also inconsistent with the theory that higher income areas necessarily receive cleaner water. From Figures 6-9 , it can be seen that residents of Fairview, with a higher income, have healthy water, while those living in Dickson (having the lowest income and highest poverty rate) are also affected by some unhealthy waterways. However, the Franklin area, which has the highest household income and the lowest poverty rate is still affected by unhealthy waterways. From this information, we can determine that household income does not necessarily correlate with water quality.
Reduction of Trihalomethane Contamination
The levels of the trihalomethanes increase with time, temperature, pH level, and the level of the precursors available. The precursors are the organic materials that react with chlorine in order to produce the trihalomethanes. One way to reduce the level of the trihalomethanes is to decrease the precursors and chlorination in the filters. It is best to reduce the precursors as the chlorine gets in contact with the water. If it requires oxidation before filtration, alternative disinfectants such as peroxide and potassium permanganate, lowering the pH, or moving the point of chlorination to the clarified water may be considered [8] .
Lowering of trihalomethane precursor concentrations has the additional advantage of reducing overall disinfectant demand, thereby reducing the possibility of the formation of all disinfection by-products. The following techniques are useful in reducing the occurrence of trihalomethanes [50] . 
Middle Cumberland Area Statistics
Nashville Goodlettsville Ashland City Natural Science Numbers are based off 2010 statistics from the US Census Bureau [45] .
Enhanced coagulation-According to the EPA, the best available technology for the control of the trihalomethanes at the treatment plants is through the removal of the precursors by the enhanced coagulation. Enhanced coagulation is the process of optimizing the process of filtration to maximize the elimina- 
Harpeth River Area Statistics
Dickson Franklin Fairview Natural Science tion of the precursors. The removal is improved by reducing the pH level as low as 4 to 5, increase the coagulants feed rates, and the use of the ferric coagulants. Carbon filters-The use of activated carbon or charcoal is one of the easiest ways of eliminating the trihalomethanes in the water. A water pitcher can be used at home with a carbon filter. Homeowners can also install carbon filters in their tap source or put it on their bottled water. The activated carbon can be used in the water filtration system of the entire house. It can also be used as a backwashing system that does not require changing of the cartridge on a regular basis.
Reverse Osmosis Systems-Reverse osmosis is a process in which the dissolved inorganic solids are removed from water. This is possible by household water pressure that pushes the tap water through a semipermeable membrane. When the water pressure pushes the water through the membrane of the reverse osmosis system along with other filters, the trihalomethanes and other impurities are filtered out and flushed down the drain.
Water Softeners-Water softeners can effectively remove the magnesium, calcium, and other metals in the hard water, resulting in soft water. The soft water can extend the lifetime of the plumbs by eliminating or reducing the build-up of scale in the fittings or the pipes. Water softening can also be achieved with the use of ion-exchange resins or the lime softening technique.
Ultraviolet Systems-The ultraviolet (UV) water purification systems use special lamps that can emit UV light of a particular wavelength, which has the ability to disrupt the DNA of the microorganisms. As the water passes through a UV water treatment system, the living organisms on it are exposed to the UV light which attacks its genetic code. It rearranges the DNA (or the RNA) and eliminates the microorganism's ability to infect and function properly. This process is very effective in destroying around 99.9% of harmful microorganisms without adding any chemicals to the water.
CONCLUSION
Analysis of drinking water for carcinogens is an important step in ensuring both human and environmental health. The Middle Cumberland River Watershed, Stones River Watershed, and Harpeth River Watershed were examined in order to determine the levels of trihalomethanes in drinking water, as well as their possible correlation to the socioeconomic background of the residents. It was determined that vast portions of each watershed are unhealthy. Although several areas within each watershed with typically lower average household incomes had higher total trihalomethanes in their drinking water, these effects were random, and the contaminants remained below the state-regulated guidelines. However, the level of contaminants in drinking water had no necessary correlation with the household income of residents in the areas around the watersheds.
